The reversible aggregation of red blood cells (RBC) is of current basic science and clinical interest. Using a flow channel and light transmittance (LT) through RBC suspensions, we have examined the effects of wavelength (500 to 900 nm) on the static and dynamic aspects of RBC aggregation for normal blood and suspensions with reduced or enhanced aggregation; the effects of oxygenation were also explored. Salient observations include: 1. significant effects of wavelength on aggregation parameters reflecting the extent of aggregation (i.e., number of RBC per aggregate); 2. no significant effects of wavelength on parameters reflecting the time course of RBC aggregation; 3. a prominent influence of hemoglobin oxygen saturation on both extent and time-course related aggregation parameters measured at wavelengths less than 700 nm, but only on the time-course at 800 nm; and 4. the power of parameters in detecting a given alteration of RBC aggregation is affected by wavelength, in general being greater at higher wavelengths. It is recommended that light sources with wavelengths around 800 nm be used in instruments for measuring RBC aggregation via LT. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Aggregation is a characteristic behavior of red blood cells (RBC) which occurs under specific conditions such as the presence of large macromolecules and low shear forces. 1, 2 RBC aggregation is a reversible process: an increase of shear forces, such as an increased flow rate in a cylindrical tube, results in disaggregation of aggregates into individual RBC, while aggregates are formed again at lower shear forces or at stasis. The extent (i.e., average number of RBC per aggregate) and the time course (i.e., rate of aggregate growth) of aggregation under defined conditions are determined by both suspending phase and cellular properties. 3 The concentration of certain macromolecules in the suspending medium (e.g., plasma) is an important determinant of RBC aggregation, with fibrinogen being the most important pro-aggregant in plasma. 4 An increased concentration of fibrinogen occurs in clinical states that cause acute phase reactions, resulting in enhanced RBC aggregation; RBC aggregation is thus a good indicator of acute phase reactions and has been successfully used to monitor the inflammatory response during a variety of disease processes. [5] [6] [7] [8] RBC aggregation is a measurable property of blood and has been found to be significantly altered during disease processes. 1 In addition to conventional clinical laboratory procedures such as the measurement of erythrocyte sedimentation rate, specially developed RBC aggregometers can be used to quantitate various aspects of the aggregation process. 9 As reviewed elsewhere, most instruments built for this purpose monitor light transmittance (LT) or light reflectance (LR) during the course of aggregation. The LT or LR time courses during RBC aggregation are known as "syllectograms" (Ref. 10) and are widely used to derive aggregation parameters by mathematical analysis. 1, 11 An important element of such instruments is the shearing apparatus used for complete disaggregation of RBC in suspension in order to provide a defined starting time point for monitoring light intensity; the geometry of the shearing apparatus and the aggregation chamber are important determinants of the calculated aggregation parameters. [12] [13] [14] [15] Instruments using LT and LR monitoring have been compared in terms of calculated aggregation parameters and their power in detecting various experimental alterations of RBC aggregation, with different sensitivities reported for various types of instruments. 16 It has been suggested that the properties of light projected onto RBC suspensions to monitor LT or LR should influence the results of the aggregation measurements. 1 It is well known that hemoglobin, which is the main constituent of RBC cytoplasm, has a characteristic absorbance spectrum that depends on its oxygenation status. 17 It can thus be predicted that measured aggregation parameters may also depend on the degree of hemoglobin oxygenation. In fact, it has been previously shown that the oxygenation level of a RBC suspension significantly affected measured aggregation parameters, including those sensitive to the extent of aggregation as well as its time course. 18 However, this influence of oxygenation status was only observed if the parameters were measured using a specific instrument (i.e., LORCA, Mechatronics, The Netherlands) but not if another aggregometer (i.e., Myrenne Aggregometer, Myrenne, Roetgen, Germany) was used. These two instruments have technical differences: 1. in order to calculate aggregation parameters, the LORCA monitors backscattered light intensity while the Myrenne aggregometer uses LT data and 2. the LORCA uses a laser beam of 670 nm wavelength while the Myrenne employs an infrared light-emitting diode. Therefore, the different effects of oxygenation level on the sensitivity of parameters provided by these instruments may be due to both measuring method and wavelength.
Although methods based on the analysis of LR and LT data recorded during RBC aggregation have been previously compared and discussed in detail, 13, 14, 16 very little information is available on the effects of light wavelength. This study was thus designed to investigate the influence of wavelength (500 to 900 nm) by monitoring LT during RBC aggregation in a rectangular flow chamber for both normal human blood and RBC suspensions with different levels of aggregation tendency. Of particular interest were possible effects of wavelength on static and dynamic aggregation parameters derived from LT-time data and on the effects of hemoglobin oxygen saturation.
Materials and Methods 2.1 Blood Sampling and Preparation of Test Samples
Thirty ml of venous blood samples were obtained from 10 healthy, human male volunteers, aged between 25 to 52 years, following oral informed consent. A tourniquet was applied to locate the antecubital vein prior to venipuncture and kept in place during the blood sampling that was completed within 90 s after the application of the tourniquet. 19 The samples were anticoagulated with ethylenediamine-tetraaceticacid (1.5 mg/ml). Blood samples were centrifuged at 1400 × g for 6 min, plasma was aspirated and saved, and the RBC pellet was washed twice with isotonic phosphate-buffered saline (PBS, pH = 7.4, 290 mOsm/kg). An aliquot of plasma was diluted with PBS at a 1/3 ratio so that it contained only 66% of plasma components compared to the original plasma. Washed RBC from each donor were resuspended in either their autologous plasma, in diluted plasma, or in 0.5% dextran 500 (500 kDa, D-5251, Sigma Chemical Company, St. Louis, Missouri) dissolved in PBS; the hematocrit of these suspensions was adjusted to 0.4 l/l by adding or removing suspending media and confirmed by the microhematocrit method. Note that compared to RBC in undiluted plasma, RBC in 1/3 diluted plasma have reduced aggregation while RBC in 0.5% dextran 500 are characterized by enhanced aggregation. 9 RBC suspensions were either oxygenated or deoxygenated by equilibration with air or 100% nitrogen prior to being used by rolling 3 ml of suspension in a 15-ml polypropylene tube for 15 min at room temperature. Nitrogen was moisturized by bubbling through distilled water prior to being introduced into the tube containing the blood. The oxygen partial pressure of RBC suspensions was measured using a blood gas analyzer (Stat Profile Critical Care Xpress, Nova Biomedical, Waltham, MA, USA).
Measurement System
LT through the RBC suspensions described above was measured in a plastic rectangular flow chamber (0.25 mm high × 4 mm wide × 40 mm long). The transparent flow chamber was positioned between two optical fiber probes, one attached to the light source and the other to a spectrometer.
A syringe pump was used to maintain blood flow through the flow channel for 10 s at the start of each measurement procedure at a volumetric rate to generate a wall shear rate of ∼500 s − 1 . This high shear rate was sufficient for complete disaggregation in all blood samples, either in plasma or in the dextran solution.
LT spectra were recorded over the wavelength range of 500 to 900 nm using a miniature spectrometer (HR4000CGV, Ocean Optics, Florida); data were obtained at 1 s intervals for 100 s following flow stoppage. Note that the maximum recording time of 100 s was selected based upon our previous work showing that aggregation is essentially complete within this time period and that sedimentation of RBC starts to affect measurements for times >100 s. 20 A tungsten halogen lamp (HL-2000, Ocean Optics, Florida) was used as the light source and a 400-μm diameter optical fiber cable was used to deliver light to the flow chamber. A collimating lens (74-VIS collimating lens, Ocean Optics, Florida) was connected to the end of the fiber to focus the light on the flow chamber. Transmitted light through the flow chamber was focused by another collimating lens located at the opposite side of the chamber onto an optical fiber connected to the spectrometer. LT spectra during flow and aggregation were recorded for each RBC suspension (i.e., in native plasma, diluted plasma, or 0.5% dextran 500) prepared using blood from a given donor. Prior to using RBC suspensions, the chamber was filled with deionized water and the spectrum recorded in order to standardize the transmittance data; LT at each wavelength is expressed as a percentage of transmittance through water at the same wavelength.
Data Analysis
The minimum LT level observed within seconds after the sudden stop of flow represented the start of the aggregation process. The following aggregation parameters were calculated using LT time courses during aggregation at 500-, 600-, 700-, and 800-nm wavelengths as described elsewhere: 15, 16, 21, 22 1. amplitude (AMP), the total change in intensity of transmitted light during the 100 s period; 2. aggregation half time (T 1/2 ), the time required to reach an LT level corresponding to 50% of AMP; 3. surface area (SA), the area below the time course curve during the first 10 s; and 4. aggregation index (AI), the ratio of the area below the time course curve to the sum of the areas above and below the curve during the first 10 s. Additionally, time constants for the fast (T fast ) and slow (T slow ) components of RBC aggregation were calculated by fitting the 100 s LT versus time data to a double-exponential equation
where T fast reflects the time course of two-dimensional rouleaux formation while T slow represents the formation of threedimensional structures resulting from secondary aggregation. 1
Measurement of Red Blood Cell Aggregation in the Samples
Aggregation parameters were measured in the three suspensions prepared from each blood sample using a photometric rheoscope with a Couette shearing apparatus (LORCA, Mechatronics, Hoorn, The Netherlands). The instrument reports aggregation parameters calculated in a manner similar to that previously described in Sec. 2.3.
Calculations and Statistics
The results of the measurements in RBC suspensions with normal and modified aggregation are expressed as mean ± standard error (SE) with statistical comparisons done using one-way ANOVA followed by appropriate post-tests. Additionally, standardized differences from control values were calculated for the data obtained for suspensions with modified aggregation by dividing the mean difference between control and these suspensions by the pooled standard deviation (SD p ) of the control plus modified data
M c and M m are the means of the selected parameter for control and modified samples prepared using RBC from 10 donors. SD p was calculated as the square root of the average of the squared standard deviations (SD c and SD m ) of the data from the control and modified samples being compared 23
The standardized difference has been accepted as a measure of the power of each measurement condition to detect a difference between two groups. 24 (i.e., 900 nm), gradually decreased with decreasing wavelength, and exhibited a sharp decrease at wavelengths below 600 nm. LT spectra were characterized by a similar pattern during all phases of the measurement (i.e., during flow, 1 and 60 s after flow stoppage), although LT levels, especially in the range between 600 and 900 nm, were markedly different from each other. LT at all wavelengths in this range were highest during flow and lowest immediately after flow stoppage, then increased at 60 s and approached levels observed during flow.
Results and Discussion 3.1 Light Transmittance Spectrum of Oxygenated Blood during Flow and at Stasis
Time courses of LT (i.e., syllectograms) at four wavelengths (i.e., 500, 600, 700, and 800 nm) for the same experiment described for Fig. 1 are presented in Fig. 2 . Stoppage of flow was followed by a sharp decrease in LT levels, which reached a minimum within seconds. This minimum was followed by increased LT with an initial rapid phase and a following slower phase. The time courses of transmittance at these four wavelengths all followed a similar pattern although the normalized transmitted light intensity depended on the wavelength: ∼50 to 60% for 700 and 800 nm, ∼30% for 600 nm, and ∼3% for 500 nm.
LT through suspensions is determined by the optical properties of the suspending phase, particle concentration, particle geometry, and the optical properties of particles. 17, 25 This general case can be directly applied to RBC suspensions, with hematocrit (i.e., particle concentration) being an important determinant of LT. 26 Light absorbance by RBC importantly contributes to the behavior of light passing through a suspension of these cells, with higher absorbance resulting in reduced LT; 27 RBC hemoglobin content is also an important determinant of absorbance and, hence, the level of LT.
The absorption spectrum of hemoglobin is clearly a critical factor determining LT through RBC suspensions. Hemoglobin is an effective light absorbant, especially at wavelengths below 600 nm. 17, 27, 28 Thus, absorbance of hemoglobin has a wellknown dependence on the wavelength of light and this dependency perfectly explains the relationship between the level of transmittance and wavelength observed in this study: about 10 times higher absorbance at wavelengths below 600 nm, 27 which is consistent with the differences in the LT shown in Fig. 2 .
The time course of LT following the sudden stop of flow of RBC suspensions (i.e., during RBC aggregation) mainly reflects the change in the number of effective particles: aggregation of RBC results in larger particles and, thus, the number of scatters decrease as does the effective total optical path through the chamber, thus giving rise to increased LT during the course of aggregation. 1 Additionally, LT might also be affected by other processes altering the particle concentration in the area under observation, such as sedimentation of RBC. However, the course of RBC sedimentation in suspensions used in this study is very slow than the course of the aggregation process, and starts to be effective after the first 100 s following an abrupt stoppage of flow in a similar flow system. 20 Therefore the sedimentation effect has been accepted to not significantly interfere with the recorded LT in the current study. Obviously, the magnitude of changes in LT due to alterations of the number of effective particles is also strongly affected by the light absorbance of these particles.
Influence of Oxygenation Level on Light Transmittance Patterns
An important factor affecting the LT characteristics of RBC suspensions is the degree of hemoglobin oxygen saturation. Hemoglobin has isobestic points for oxygenated and deoxygenated forms (e.g., 582 and 808 nm), with the largest difference in light absorbance between these forms at about 650 nm. 28, 29 LT spectra were recorded during flow, immediately after flow stoppage, and 60 s after flow stoppage using oxygenated and hypoxic aliquots of the blood samples ( Fig. 3 ). Oxygen partial pressures were 110 ± 10 mmHg and 44 ± 4.5 mmHg for the oxygenated and hypoxic RBC suspensions, respectively. LT at all wavelengths over 500 nm was lower in hypoxic suspensions during flow and immediately after flow stoppage and, hence, prior to the development of RBC aggregation [ Fig. 3(a) ]. Following the development of RBC aggregates, the difference of LT through oxygenated and hypoxic suspensions became smaller with increasing wavelength and the two curves approached each other at 900 nm [ Fig. 3(b) ]. The time courses of LT of oxygenated and hypoxic blood samples at wavelengths of 500, 600, 700, and 800 nm are presented in Fig. 4(a) , while Fig. 4(b) presents the data for 500 nm using an expanded scale to provide better visibility. Inspection of these curves confirms the dependence of LT characteristics of oxygenated and hypoxic blood on wavelength, with this difference being greatest at 600 nm and becoming smaller as the wavelength approached 500 and 800 nm. While the change of LT with time during RBC aggregation exhibited similar patterns at all wavelengths, there are visually detectable differences in the rate of change between oxygenated and hypoxic samples at all wavelengths (Fig. 4) . These differences were also reflected in the time constants (T fast ) calculated by fitting these curves to a double-exponential equation (see Sec. 3.3 and Table 1 below).
Red Blood Cell Aggregation Parameters
Aggregation parameters calculated using LT time courses (i.e., syllectograms) at wavelengths of 500, 600, 700, and 800 nm for oxygenated and hypoxic whole blood samples are presented in Table 1 . For both oxygenated and hypoxic samples, statistically significant differences between the parameters calculated using the data at various wavelengths were detected only for those that are sensitive to light intensity [i.e., AMP and area under curve (AUC)]. In contrast, parameters that are independent of transmitted light intensity (i.e., AI, T 1/2 , and T fast ) did not differ regardless of the wavelength (Table 1) . Therefore, time course related parameters AI, T 1/2 , and T fast calculated using syllectograms recorded at different wavelengths should be comparable with each other, while the magnitude-related parameters AMP and AUC are not. This sensitivity to light intensity should be considered when comparing RBC aggregation results measured with devices using light sources of different wavelengths. However, it should also be noted that even time-course related parameters may be influenced by other factors such as the geometry of the chamber used for RBC aggregation measurements. 12, 13, 15 Table 1 also presents comparisons between oxygenated and hypoxic samples for the parameters calculated using syllectograms at different wavelengths. Parameters calculated using data obtained at 500 nm did not differ between oxygenated and hypoxic samples, obviously due to higher variation of the data but not to smaller mean differences (see Fig. 5 ). Parameters that are sensitive to the level of LT (i.e., AMP and AUC) were significantly lower in hypoxic samples at 600 nm but not at 800 nm. At wavelengths away from the isobestic points between 600 and 800 nm, deoxyhemoglobin has a higher absorbance, yielding a ∼10-fold difference compared to oxyhemoglobin at ∼650 nm, 27 with this difference reflected by parameters sensitive to transmitted light intensity (Table 1) . Differences between oxygenated and hypoxic samples decreased with wavelength and were negligible for measurements at 800 nm (i.e., close to the isosbestic point), 28, 29 indicating that using a light source of ∼800 nm wavelength may eliminate the influence of oxygenation on these parameters.
Interestingly, parameters reflecting the time course of RBC aggregation (i.e., T 1/2 and T fast ) as determined between 600 and 800 nm were affected by the level of oxygenation (Table 1) . A detailed analysis of the effect of oxygen partial pressure and, thus, hemoglobin oxygen saturation previously reported, indicates a significant dependence of aggregation time course and related parameters on the oxygenation status of the samples. 18 
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Power in Detection of Alterations in Red Blood Cell Aggregation
The power of RBC aggregation parameters calculated using syllectograms recorded at different wavelengths was compared by analyzing data obtained using samples with normal, decreased (i.e., 1/3 diluted plasma), and enhanced (i.e., 0.5% dextran 500) aggregation. Aggregation parameters for these samples, as measured by a widely used commercial erythrocyte aggregometer (i.e., LORCA), indicated the expected differences ( Table 2) . The SA parameter, which corresponds to AUC, was significantly decreased for RBC suspended in 1/3 diluted plasma and was increased for RBC suspended in the 0.5% dextran 500 solution. Significant alterations were also found in T 1/2 for the same RBC suspensions being increased for the 1/3 diluted plasma and decreased for the 0.5% dextran 500 solution.
Parameters calculated using the data obtained using the rectangular flow channel for 800 nm wavelength revealed similar differences; parameters sensitive to the extent of aggregation (AMP and AUC) and the time course (AI and T 1/2 ) were significantly modified by 1/3 plasma dilution and, with the exception of AMP, were significantly modified for RBC suspended in 0.5% dextran 500 (Table 3) . This pattern was similar for other wavelengths.
The standardized difference for a given parameter is determined by both the mean difference between two groups (i.e., normal and modified aggregation) and the common standard deviation reflecting the variation in both groups, and indicates the statistical power to detect a given experimental alteration using that parameter. 31 Standardized differences between whole blood (WB) and RBC suspended in 1/3 diluted plasma were similar for AI and AUC parameters at wavelengths of 600 to 800 nm, but lower for 500 nm for both hypoxic and oxygenated samples [Figs. 6(a) and 6(b)]. The T 1/2 parameter had lower standardized differences compared to the other two parameters [ Fig. 6(a) ].
The power of the aggregation parameters to detect a given alteration of RBC aggregation was also more dependent on the wavelength for the 0.5% dextran 500 suspensions with enhanced aggregation [Fig. 6(c) ]. However, standardized differences for T 1/2 and AUC between whole blood and RBC in 0.5% dextran Table 3 Aggregation parameters calculated using syllectograms at 800 nm for WB, RBC in 1/3 diluted plasma or in the 0.5% dextran 500 solution. Measurements were conducted using oxygenated samples. (Data are presented as mean ± standard error; n = 10. Difference from whole blood; *: p < 0.05, **: p < 0.01, ***: p < 0.001.) Fig. 6(c) ]. This pattern was not obvious with the hypoxic samples [ Fig. 6(d) ], although a slight decrease in standardized difference with increasing wavelength was detected. The decreased power of AUC at higher wavelengths is related to increased within-group variance paralleling the higher level of LT. Standardized differences for time-course dependent parameters under hypoxic conditions were significantly smaller than corresponding values for oxygenated samples, apparently related to the reduction of the time constants for hypoxic samples (Table 1 ).
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Conclusion
Based on the data presented above, use of a light source having a wavelength of ∼800 nm is recommended when recording syllectograms for assessment of RBC aggregation. Further, even if a light source near this wavelength is being used, it is recommended that the oxygenation status should be standardized for blood samples and RBC suspensions since kinetic parameters are influenced by the level of oxygenation.
